Objective Hyperandrogenism in congenital adrenal hyperplasia (CAH) provides an in vivo model for exploring the effect of androgens on erythropoiesis in women. We investigated the association of androgens with haemoglobin (Hb) and haematocrit (Hct) in women with CAH. Design Cross-validation study. Patients Women with CAH from Sheffield Teaching Hospitals, UK (cohort 1, the training set: n = 23) and National Institutes of Health, USA (cohort 2, the validation set: n = 53). Measurements Androgens, full blood count and basic biochemistry, all measured on the same day. Demographic and anthropometric data. Results Significant age-adjusted correlations (P < 0Á001) were observed for Ln testosterone with Hb and Hct in cohorts 1 and 2 (Hb r = 0Á712 & 0Á524 and Hct r = 0Á705 & 0Á466), which remained significant after adjustments for CAH status, glucocorticoid treatment dose and serum creatinine. In the combined cohorts, Hb correlated with androstenedione (P = 0Á002) and 17-hydroxyprogesterone (P = 0Á008). Hb and Hct were significantly higher in cohort 1 than those in cohort 2, while there were no group differences in androgen levels, glucocorticoid treatment dose or body mass index. In both cohorts, women with Hb and Hct in the highest tertile had significantly higher testosterone levels than women with Hb and Hct in the lowest tertile. Conclusions In women with CAH, erythropoiesis may be driven by androgens and could be considered a biomarker for disease control.
Introduction
The effect of androgens on erythropoiesis is well described and initially came to light through the observation that men have higher levels of haemoglobin (Hb) than women. 1 Pre-pubertal boys and girls have similar levels of Hb but boys acquire higher Hb levels following puberty that coincides with the surge in testosterone levels. 2 Lower Hb levels in women are not due to chronic menstrual blood loss as this gender difference persists in non-menstruating women. 3, 4 The evidence for an erythropoietic effect of testosterone led to its use as a treatment for anaemia in renal failure 4 and bone marrow failure 5 in the past before the development of recombinant erythropoietin. In men, intramuscular testosterone replacement is often associated with polycythaemia, 6 which reverses with a dose reduction or discontinuation of therapy. 7 Conversely, androgen deprivation therapy for prostate cancer leads to a reduction in Hb levels. 8 Congenital adrenal hyperplasia (CAH) is the commonest genetic endocrine disorder, and 21-hydroxylase deficiency accounts for more than 95% of cases. 9 In this condition, defective cortisol synthesis in the adrenal glands leads to the loss of negative feedback inhibition of ACTH secretion by the pituitary. The elevated ACTH leads to hyperplasia of the adrenal glands and excess production of adrenal androgens. 9 Treatment with glucocorticoids aims to control androgen excess and replace steroid deficiency; however, it is challenging to achieve the correct balance between over-and under-treatment. When patients are under-replaced, adrenal androgens are elevated and women are affected by symptoms of hyperandrogenism. With overreplacement, adrenal androgens are suppressed. The effect of elevated adrenal androgens on erythropoietic markers in patients with CAH has been assumed but not studied in detail. Polycythaemia is seen in neonates with CAH, 10 and there have been a few case studies reporting polycythaemia in untreated men and women with CAH and androgen excess. 11, 12 To the best of our knowledge, there are no studies examining the relationship of androgens with erythropoiesis in women with CAH. This study investigated the association of androgens with Hb and haematocrit (Hct) in women with CAH in a crossvalidated study.
Methods

Study population
This was a retrospective analysis of data from two cohorts of CAH patients managed in two tertiary centres with expertise in the management of CAH. Cohort 1 comprised patients from Sheffield Teaching Hospitals, UK and cohort 2 from the National Institutes of Health, Bethesda, USA.
Data gathering
Demographic, anthropometric, biochemical, haematological and hormonal data measured on the same day were recorded. A total of 83 women (cohort 1: n = 30, cohort 2: n = 53) with CAH were eligible for recruitment. Seven women were excluded from cohort 1 prior to analysis (four due to incomplete biochemical data and three due to medical conditions or medications known to affect erythropoiesis or red cell parameters, i.e. anaemia, vitamin B 12 deficiency and methotrexate treatment). After screening for data completeness, the data of 76 women were used in the final analysis, 23 in cohort 1 and 53 in cohort 2.
Biochemical data for androgens [total testosterone, androstenedione and 17-hydroxyprogesterone (17-OHP)], full blood count, serum urea, creatinine and electrolytes were retrieved from electronic data systems. In cohort 1, the majority of samples were measured between 08:00 and 14:00 h during clinic visits, after the morning dose of glucocorticoids, whereas for cohort 2 most samples were measured before the morning dose of glucocorticoids between 07:00 and 09:00 h. The two laboratories had different reference ranges for Hb (cohort 1 110-147 g/l, cohort 2 112-157 g/l). Hence, tertiles were used for comparison between the two cohorts. Age, height, weight, glucocorticoid treatment dose, CAH phenotype and smoking, medical and drug history were obtained from medical case notes. Body mass index (BMI) was calculated by weight (kg) divided by height (m) squared (kg/m 2 ). As patients were treated with different glucocorticoid regimens (hydrocortisone, prednisolone/prednisone and dexamethasone), glucocorticoid doses were converted to hydrocortisone equivalent dose using the ratio hydrocortisone: prednisolone: dexamethasone of 1:5:80. 13 The values used to calculate the hydrocortisone equivalent doses vary widely, and we chose to use five times potency for prednisolone/ prednisone, which is the most widely accepted conversion. In cohort 2, all the androgens were analysed by liquid chromatography-tandem mass spectrometry (LC-MS/MS). From 2005 to 2012, assays were performed at Mayo Medical Laboratories, Rochester, MN, USA. The androstenedione assay had a sensitivity of 15 ng/dl; inter-assay CV of 7Á9%, 7Á2%, 8Á7%; intraassay CV of 13Á9, 5Á9, 2Á6 at mean concentration of 112, 916, and 2281 ng/dl, respectively, and normal range of 40-150 ng/dl for males and 30-200 ng/dl for females. The 17-OHP assay had an analytical sensitivity of 40 ng/dl, inter-assay CV of 9Á7%, 8Á7%, 6Á8%; intra-assay CV of 6Á8%, 2Á9%, 4Á4% with a mean concentration of 111, 751 and 2006 ng/dl, respectively, and normal range of ≤220 ng/dl for males and ≤285 ng/dl for females. From 2012 onwards, androstenedione and 17-OHP were measured by LC-MS/MS at the National Institutes of Health, Bethesda MD; the intra-assay CV ranged from 2Á5% to 9Á5% and the inter-assay CV from 2Á9% to 11Á1%.
Statistical analysis
Data were analysed using SPSS v22 (SPSS Statistics v22.0, IBM Corp, Armonk, NY, USA). Group differences were determined by Student's t-tests. Relationships of Hb and Hct with androgens were assessed by partial correlations to enable adjustments for confounding factors including age, study cohorts, glucocorticoid treatment dose, CAH status and renal function. Data for androgens and glucocorticoid treatment dose were logarithmically transformed as they were positively skewed.
Results
Characteristics of the study populations
The mean age of women in cohort 1 was 35Á3 (SD AE 14) years (Table 1) . Among this cohort of women, 17 (73Á9%) had classic CAH, of whom 13 (73%) were salt wasting and four (23%) simple virilising subtypes, and six (26Á1%) had non-classic CAH. The mean age of women in cohort 2 was 30Á8 (SD AE 11Á4) years. This cohort comprised mostly of women with classic CAH (n = 51, 96Á2%), of whom 33 (65%) had the salt wasting and 18 (35%) the simple virilising type. There was one (1Á9%) patient with non-classic CAH and one (1Á9%) with 11-b hydroxylase deficiency.
In cohort 1, the majority received either hydrocortisone alone (n = 10, 43Á5%) administered twice or thrice daily, or prednisolone alone (n = 9, 39Á1%) administered once or twice daily. The remaining patients were treated with either dexamethasone once daily (n = 2, 8Á7%), or hydrocortisone and dexamethasone combined (n = 2, 8Á7%). In cohort 2, the majority were treated with prednisone (n = 21, 39Á6%) administered twice daily, followed by hydrocortisone (n = 14, 26Á4%) thrice daily and dexamethasone once daily (n = 12, 22Á6%). Hydrocortisone combined with either prednisone or dexamethasone and prednisolone alone was given in one patient each (1Á9%).
Correlations of androgens with erythropoiesis
The associations of testosterone with Hb and Hct in the two cohorts are shown in Figs 1 and 2. The regression slopes were similar in both cohorts but the intercepts were lower in cohort 2. In cohort 1, age-adjusted Ln testosterone correlated positively with Hb and Hct (P < 0Á001) ( Table 2 ). These relationships remained significant (P < 0Á01) after further adjustments for CAH status, glucocorticoid treatment dose and serum creatinine levels. The results from cohort 2 confirmed these relationships but were less strong. These associations continued to persist after the two cohorts were analysed together ( Table 2) . In both cohorts, the androgen precursors androstenedione and 17-OHP also correlated with Hb and Hct, but the correlations were weaker than for testosterone.
Androgens, glucocorticoid treatment dose and anthropometry of women with erythropoietic markers in the highest tertile were compared with those of women in the lowest tertile (Table 3) . Women with Hb or Hct in the highest tertile had significantly higher testosterone levels compared with women with Hb or Hct in the lowest tertile in both cohorts. The same was true for androstenedione and 17-OHP in cohort 1 but only for androstenedione and Hb in cohort 2. In cohort 2, women in the highest tertile of Hb and Hct had a higher BMI and higher glucocorticoid treatment dose. Comparisons between cohort 1 and cohort 2
There were no group differences in age, anthropometric characteristics, BMI or glucocorticoid treatment dose between cohorts 1 and 2 (Table 1 ). Women in cohort 1 had significantly higher mean Hb (P = 0Á031) and Hct (P = 0Á035) levels than those in cohort 2 (Table 1) . Similarly, substantially higher proportions of women had Hb and Hct above the upper limit of the reference range in cohort 1 (Hb: 30Á4%, Hct: 47Á8%) compared with cohort 2 (Hb, Hct <4%). The levels of total testosterone and its precursors, androstenedione and 17-OHP and creatinine levels did not differ significantly between the two study cohorts.
Discussion
We have demonstrated that androgen levels in women with CAH are positively associated with Hb and Hct, suggesting that these markers of erythropoiesis are a potential biomarker of androgen control in women with CAH. The findings strengthen the evidence for an action of androgens on erythropoiesis in women.
The mechanism by which androgens promote erythropoiesis is not established. 1, 14 There are conflicting results on the effect of testosterone on erythropoietin, the major regulator of erythropoiesis. Some studies have suggested that testosterone increases the erythropoietin production, 1,15 while others found no evidence to support these findings. 6, 16 Other possible mechanisms by which testosterone might induce erythropoiesis include a direct effect on bone marrow hematopoietic stem cells by stimulating insulin-like growth factor 1 and erythrocyte colonyforming units, 17 and increasing intestinal iron absorption and incorporation into erythrocytes. 14 Exogenous androgens have been associated with an increase in erythropoiesis. Supra-physiological pharmaceutical doses of androgens cause an increase in Hb and Hct in men, 18 which is dose-dependent. Polycythaemia is a common but unwanted side effect of testosterone therapy in hypogonadal men. 6 Similarly in women, androgen therapy was associated with an increase in Hb and erythroid cell hyperplasia in bone marrow aspirates. 19 In gender reassignment, hormone therapy raising testosterone levels in female-to-male reassignment leads to an increase in Hb levels, while suppressed testosterone levels in male-to-female reassignment leads to a decrease in Hb levels. 20 Levels of endogenous androgens have also been associated with erythropoiesis: healthy adult men with low free testosterone levels have a lower haematocrit than men with normal free testosterone, 21 while Hb levels correlate with total and bioavailable testosterone in men and women older than 65 years. 22 Conditions associated with significant hyperandrogenism such as Cushing's disease and androgen-producing ovarian tumours may present with polycythaemia. 23, 24 We hypothesised that lower chronic elevations of androgens may be associated with more subtle increases in erythropoietic markers. Women with CAH have elevated levels of adrenal androgens if inadequately treated with glucocorticoids 25 and provide a free-living model for exploring the effect of androgens on erythropoiesis. Cortisol has been implicated to play a mediating role in erythropoiesis. 26, 27 Activation of the glucocorticoid receptor promotes 'stress erythropoiesis' and maturation of erythroid progenitors in vitro. 28 It is well recognised that anaemia occurs in patients with hypocortisolism, for example Sheehan's syndrome, 29 while polycythaemia is described in women with hypercortisolism. 30 Correcting hypocortisolism with glucocorticoid replacement 31 or hypercortisolism by surgery 24 leads to normalisation of Hb levels. Hypogonadal men with active Cushing's disease have low erythroid parameters that improve slowly after correction of hypercortisolism in parallel with improvements in testosterone levels. In our study, glucocorticoid equivalent doses did not differ between women with normal and those with elevated haematological parameters. A previous study of testosterone replacement in two men with aromatase deficiency has shown that the action of testosterone on erythropoiesis does not require its aromatisation to oestrogen. 32 In our study, the androgen precursors androstenedione and 17-OHP were weakly associated with erythropoietic markers compared with testosterone. Androgenic precursors exert their androgenic effect through conversion to testosterone and do not directly activate the androgen receptor, which may explain the weaker relationship with erythropoiesis. Free testosterone may have a stronger association with erythropoiesis but was not calculated in the present study because sex hormone binding globulin (SHBG) was not measured. We have, however, adjusted our data for body mass index, which relates inversely to SHBG levels. It would be of interest to examine the association of Hb and Hct with dihydrotestosterone, which has ten-fold greater affinity for the androgen receptor than testosterone. 33 However, dihydrotestosterone is not routinely measured in the clinical setting and therefore was not available in the present study. Chronic kidney disease is also associated with anaemia due to the reduction in renal production of erythropoietin. 34 In the two cohorts presented here, there were no subjects with chronic kidney disease and the relationship between androgens and markers of erythropoiesis continued to persist after adjustment for creatinine. The two cohorts of women could potentially have differences in genotypes and exposure to lifestyle factors, which could affect the outcomes, but our results were reproducible in the two cohorts. This is evident by the parallel regression slopes for the association of testosterone with Hb and Hct in the two study cohorts. Interestingly, mean Hb and Hct were higher in the UK cohort than in the US cohort with no differences in androgen levels, body mass index or glucocorticoid treatment dose between the two cohorts. This may indicate underlying genetic differences between the two cohorts that could affect the action of testosterone on erythropoiesis, for example differences in androgen receptor CAG repeat lengths. Lifestyle factors such as smoking and dietary iron intake and menstruation status may be some other factors to consider; however, both cohorts had a similar mean age. Compliance with glucocorticoid treatment or error in reporting of treatment dose may also explain this difference.
The strengths of the present study lie in its robust cross-validation study design and adjustments for a number of major confounding factors. The study is limited by its retrospective nature, and sampling bias might have been introduced as data collection spanned approximately 10 years. Different assays were used during this period, which might have affected the accuracy of the biochemical data. The two cohorts also used different assay techniques for androgens, which limits comparisons between the two cohorts. Another limitation is the wide variation in androgen levels observed in both cohorts. However, this reflects previous observations of poor disease control on current therapeutic regimens 9 and is potentially affected by differences in time of blood sampling. Lifestyle factors, such as diet and smoking history, were not available given this was a retrospective study.
In conclusion, the strong association of adrenal androgens with Hb and Hct in two cohorts of women with CAH suggests that these markers of erythropoiesis may be considered as biomarkers of disease control in women with CAH; in patients with polycythaemia or anaemia, under-or over-suppression of adrenal androgens should be considered as a cause. Chronic over-and under-treatment of CAH patients may have an effect on erythropoiesis, which could also potentially impact physical performance. 35 
